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A multi-pathway model for Photosynthetic reaction center
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Charge separation in light-harvesting complexes occurs in a pair of tightly coupled chlorophylls at the heart of
photosynthetic reaction centers of both plants and bacteria. Recently it has been shown that quantum coherence
can, in principle, enhance the efficiency of a solar cell, working like a quantum heat engine (QHE). Here, we
propose a biological quantum heat engine (BQHE) motivated by Photosystem II reaction center (PSII RC) to
describe the charge separation. Our model mainly considers two charge-separation pathways more than that in
the published literature. The two pathways can interfere via cross-couplings and work together to enhance the
charge-separation yields. We explore how these cross-couplings increase the current and voltage of the charge
separation and discuss the advantages of multiple pathways in terms of current and power. The robustness of
the BQHE against the charge recombination in natural PSII RC and dephasing induced by environments is also
explored, and extension from two pathways to multiple pathways is made. These results suggest that nature-
mimicking architectures with engineered multiple pathways for charge separations might be better for artificial
solar energy devices.
PACS numbers: 42.50.Gy, 42.50.Nn, 84.60.Jt, 82.39.Jn
I. INTRODUCTION
Photosynthesis begins with the absorption of a photon
which creates an excited state on a pigment molecule. The
excitation is transferred between the pigments of light-
harvesting complexes until it arrives at a reaction center (RC)
in the pigment-protein complex, where the photon energy is
used for the later dark stages of charge separation and con-
version of energy from physical into chemical one. The effi-
ciency of the energy transfer is very high, with a near unity
yield [1]. This sparks the long-standing and increasing in-
terest in the understanding of the physics behind the energy
conversion within photosynthesis [2]. Recently, much atten-
tion has been paid to the role of quantum coherence: growing
experimental evidence [3–9] and theoretical models [10–22]
reveal that quantum coherence contributes beneficially to the
high efficiency. Understanding the underlying mechanism of
such natural system can assist us in designing novel nanofab-
ricated structures for quantum transport and optimized solar
cells.
Viewing the photosynthetic reaction center as a quantum
heat engine (QHE), the authors of Ref.[23] analyzed the
charge separation in light-harvesting complexes. This treat-
ment bridges the two seemingly unrelated effects attributed
to quantum coherence in natural(photosynthesis) and artifi-
cial(photovoltaics) light-harvesting systems. The common
ground between photovoltaics and photosynthesis has also
been investigated recently in [24, 25]. In analogy with a
continuous Carnot-like cycle, Dorfman et al. showed that the
power of a photocell based on Photosystem II reaction cen-
ter (PSII RC) can be increased by 27% attributed to noise-
induced quantum coherence—Fano interference [26, 27],
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which was found in artificial photocells and lasing without
inversion. Creatore et al. proposed the other mechanism and
showed that the dipole-dipole interaction between two neigh-
boring electron donors play a key role in enhancing the cur-
rent and power of the photocell [28]. They claimed that this
increasing can be up to 35%.
In these studies, only one charge-separation pathway is con-
sidered. Identifying the primary electron donors and dominat-
ing charge-separation pathways has been a question of recent
extensive research and debate. At the moment, there is much
evidence that two main pathways make significant contribu-
tion under ambient condition [29–32]. This motivates us to
ask the question that whether a multi-pathway scheme is more
beneficial to designing artificial light-harvesting devices? In
this paper, we will answer this question via numerical simu-
lation for the current and power as well as the robustness of
the current and power against the charge recombination and
dephasing.
The remainder of the paper is organized as follows. In Sec.
II, we introduce a model of a quantum heat engine inspired
by PSII RC to describe the charge separation, which includes
a second pathway in comparison with the model proposed in
[23, 28]. A master equation describing the evolution of the
two-pathway system is also derived in this section. In Sec.
III, the concepts of effective voltage V and power are intro-
duced and used to characterize the charge separation, new re-
sults due to the second pathway are discussed. In Sec. IV,
we focus on how the multiple pathways affect the behavior
of j − V and P − V features. We explain the advantage of
multiple pathways over simply increasing the decay rates and
cross-couplings. In Sec. V, we take the charge recombina-
tion and dephasing that might coexist in natural PSII RC into
consideration. Numerical results of one- and multi-pathway
models are shown, from which we further see the advantage
of multiple pathways. Sec. VI is devoted to concluding re-
marks.
2II. MODEL
To present the model, we first illustrate the structure of the
Photosystem II reaction center complex in Fig. 1. The six pig-
ment molecules are closely spaced in particular positions and
orientations, and coupled by the dipole-dipole interactions re-
sulting in exciton states. These pigments are distributed in
two branches of protein matrix: D1 and D2. PD1 and PD2, a
special pair of coupled chlorophylls, is located at the center
of the PSII RC. They contribute mostly to the lowest energy
states and are the primary electron donors, forming two exci-
ton states which are denoted as |a1〉 and |a2〉. These two pairs
of molecules are also coupled to the accessory chlorophylls
AccD1 and AccD2 located in the two different branches D1
and D2, respectively. PheD1 and PheD2 are the remaining two
pheophytin pigments coupled to the rest of the molecules, and
act as the electron acceptors. Photosynthetic antennae trans-
fer energy of the absorbed solar photons to the RC where the
transmembrane charge separation takes place. Charge separa-
tion in the core of pigment-protein RC complexes is the first
energy conversion step in photosynthesis. The consequent
electrochemical potential drives a chain of chemical reactions,
including the reduction of NADP to NADPH, the synthesis of
ATP and the oxidized part of the RC splits water, releasing
molecular oxygen, all these leading eventually to the stable
storage of solar energy.
The photosynthetic reaction center may be analyzed as a
biological quantum heat engine(BQHE) that transforms high-
energy thermal photon radiation into low-entropy electron
flux. As shown in Fig. 2 (a), a five-level QHE scheme de-
scribes the photoinduced charge separation between the donor
and the acceptor molecules interacting with thermal light.
State |b〉 represents the lowest energy configuration in which
both donors and acceptor molecules are in the ground state.
States |a1〉 and |a2〉 correspond to single-exciton states in
the first and second donors, respectively. |α〉 is the charge-
separated state with the excited electron transferred from the
donors to the acceptor molecules. And |β〉 describes the ion-
ized state in which the system is positively charged (the ex-
cited electron is assumed to have been used to perform work).
The heat engine cycle begins with the excited electron pro-
moted from |b〉 to |a1〉 and/or |a2〉 after the absorption of a
solar photon. This excited electron is then transferred to the
acceptor by emission of a phonon (transition from |a1〉 and/or
|a2〉 to |α〉, corresponding to the formation of a radical pair
P+D2Acc
−
D2 in Fig. 1). Furthermore, the electron can be released
from state |α〉 with a rate Γ, resulting in a current from |α〉 to
|β〉 driving a chain of chemical reactions, leading eventually
to the stable storage of solar energy. The current j = eΓραα is
thus determined by the relaxation rate Γ and the population of
|α〉. The acceptor-to-donor charge recombination represented
by the decay rate Γα→b = χΓ, with χ a dimensionless frac-
tion, brings the system back to the ground state |b〉 but does
not produce current, limiting the power output of our QHE
[28, 33]. Finally, to complete the cycle, we allow another
population transfer to take place, emitting a phonon with ex-
cess energy, bringing the electron back to the neutral ground
state |b〉 with a rate Γc. We also assume that the donor ex-
cited states |a1〉 and |a2〉 undergo a dephasing process (via a
rate Γdep), which will influence the current and power gen-
erated. This model including one charge-separation pathway
(|α〉 → |β〉) can exhibit noise-induced quantum coherence due
to Fano interference, which originates from the coupling of
two levels to a common reservoir and thus the effect can be
revealed by the cross-couplings. Fano interference can mini-
mize the acceptor-to-donor charge recombination by inducing
coherence between |a1〉 and |a2〉. This brings about enhanced
current and power output as we will show in section II.
Although electron transfer in the PSII RC has been thor-
oughly investigated and several charge-separation pathways
that involve the formation of several different radical pairs
were identified, works on the effect of multiple charge-
separation pathways are rarely found. At the moment, much
evidence shows that two main pathways make significant con-
tributions under ambient conditions [29–32]. Therefore we
emphatically study two pathways, i.e., we add another accep-
tor molecule that consists of a charged-separated state and an
ionized state to the model in Fig. 2 (a). As shown in Fig. 2
(b), the initial excitation of states |a1〉 and |a2〉 can be trans-
ferred to the two acceptor molecules in states |α1〉 and |α2〉,
respectively, with the excess energy radiated as a phonon, and
further produce electric current and returning back to |b〉 via
|β1〉 and/or |β2〉. Here, the total current in the two pathways is
given by j = eΓ1ρα1α1 + eΓ2ρα2α2 . The structures of RCs from
green plants, algae, and bacteria differ in the nature and pre-
cise orientation of the constituent pigments, resulting in dif-
ferent spectroscopic and dynamical parameters. Nevertheless,
our six-level scheme may be applied to all RCs as discussed
below.
With this knowledge, the dynamics of our heat engine can
be described by the following master equation,
dρˆS
dt = −i[HS , ρˆS ] + LρˆS , (1)
where HS =
∑
j=b,a1,a2,
α1,α2,β1,β2
E j | j〉 〈 j| is the system Hamiltonian,
with E j the energy of the ith level. The superoperator L de-
scribing the effect of reservoirs and acceptor-donor recombi-
nations can be decomposed as
LρˆS =LhρˆS + Lc1ρˆS + Lc2ρˆS + LrelρˆS
+ LdepρˆS + LrecρˆS .
(2)
For the high temperature photon reservoir (HTR), its effects
can be described by
LhρˆS =
∑
k,l=1,2
γklh
2
[(nh + 1)(σhlρˆSσ†hk + σhkρˆSσ†hl
− σ†hlσhkρˆS − ρˆSσ†hkσhl) + nh(σ†hkρˆSσhl
+ σ
†
hlρˆSσhk − σhkσ†hlρˆS − ρˆSσhlσ†hk)],
(3)
where σˆhk = |b〉 〈ak| (k = 1, 2), and nh is the average number
of solar photons. γklh (k = l) denotes the decay rate, where
γ11h = γ1h and γ22h = γ2h represents the spontaneous decay
from the upper level |a1〉 and |a2〉 to level |b〉, respectively.
3D1P D2P
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D1Phe D2Phe
D1 D2
FIG. 1: (Color online) Arrangement of six core-pigments in the PSII RC. It consists of the special pair PD1, PD2, the two accessory chlorophylls
AccD1, AccD2, and the two pheophytins PheD1, PheD2.
1a 2a
b
α
β
HTR
LTR1
LTR2
LTR1
LTR2
HTR
2α1α
1β
( )a ( )b
2β
b
LTR1
LTR2
HTR
2α1α
1β
( )c
2β
3α
3β
3α
4β
1a 2a
1a 2a
b
FIG. 2: (Color online) Schemes of the BQHE model based on the photosynthetic reaction center. HTR denotes the high-temperature photon
reservoir, while LTR1 and LTR2 stand for the low-temperature phonon reservoirs. HTR induces transition from the ground state |b〉 to the
single-exciton states |a1〉 and/or |a2〉. LTR1 induces transition from |a1〉 and/or |a2〉 to the charge-separated state |α〉 (|α1〉 and |α2〉 for (b), |αi〉
(i = 1, 2, 3...) for (c)). LTR2 induces transition from the ionized state |β〉 (|β1〉 and |β2〉 for (b), |βi〉 (i = 1, 2, 3...) for (c)) to the ground state.
The three models differ in the number of donor, i.e., pathway.
4The noise-induced quantum coherence is closely related to
the terms with γklh (k , l), which we will refer to as cross-
couplings. They describe the effect of interference, and we
will assume γ12h = γ21h, and γklh = ηh
√
γkhγlh (k , l) where
ηh = 1 represents the maximal coherence and ηh = 0 the min-
imal coherence. It is worth noting that ηh = 0 represents a
case in which the two donor molecules interact with their own
(independent) reservoirs. Thus there is no coherence induced
by noise [34] in this situation.
Superoperator Lc2 corresponding to the second low temper-
ature phonon reservoir (LTR2) has the form
Lc2ρˆS =
∑
k,l=1,2
Γklc
2
[(nc2 + 1)(σclρˆSσ†ck + σckρˆSσ†cl
− σ†
clσckρˆS − ρˆSσ†ckσcl) + nc2(σ†ckρˆSσcl
+ σ
†
clρˆSσck − σckσ†clρˆS − ρˆSσclσ†ck)],
(4)
where σˆck = |b〉 〈βk | (k = 1, 2) denotes the lower operator.
nc2 is the average phonon number of the cold (phonon) reser-
voir LTR2. Γklc (k = l) is the corresponding decay rate, with
Γ11c = Γ1c and Γ22c = Γ2c representing the spontaneous decay
from the upper level |β1〉 and |β2〉 to level |b〉, respectively;
and Γklc (k , l) is a cross-coupling that describes the effect of
interference, with Γ12c = Γ21c. In numerical simulations, we
will set Γklc = ηc2
√
ΓkcΓlc (k , l) with ηc2 = 1 representing the
maximal coherence and ηc2 = 0 the minimal coherence.
The quantum coherence induced by the low temperature
phonon reservoir (LTR1) can be described by,
Lc1ρˆS =
∑
k,l,m,n=1,2
γklmn
2
[(nc1 + 1)(σklρˆSσ†mn
+ σmnρˆSσ
†
kl − σ†klσmnρˆS − ρˆSσ†mnσkl)
+ nc1(σ†mnρˆSσkl + σ†klρˆSσmn − σmnσ†klρˆS
− ρˆSσklσ†mn)],
(5)
where σˆkl = |αk〉 〈al| (k, l = 1, 2) or σˆmn = |αm〉 〈an| (m, n =
1, 2), and nc1 is the average phonon numbers of LTR1.
γklmn(kl = mn) are decay rates from the upper levels |a1〉 and
|a2〉 to the lower levels |α1〉 and |α2〉, respectively. For kl , mn,
terms with γklmn would induce quantum coherence leading to
the interference. Note that the cross-couplings here are com-
plicated more than those of HTR or LTR2. There are two
types of cross-couplings due LTR1. One is the same as that
in previous works [23, 34], defined as γklmn = η1c1
√
γklγmn
(kl , mn), including γ1121 and γ1222. These two cross-
couplings represented by terms with γ12c in the model shown
in Fig. 2 (a). The other one is defined as γklmn = η2c1
√
γklγmn
(kl , mn), including terms with γ1112, γ1122, γ1221, γ2122.
These terms are not considered in the model depicted in Fig. 2
(a). The first type of cross-couplings couple |a1〉 and |a2〉 with
the same lower lever. Namely, terms with γ1121 couple |a1〉 and
|a2〉 to |α1〉, while terms with γ1222 to |α2〉. In contrast, the sec-
ond type of cross-couplings, the lower levels are different. In
the later numerical simulations, we will choose η1,2c1 = 1 repre-
senting the maximal coherence and 0 the minimal coherence.
We will discuss the effects caused by these cross-couplings in
section IV.
Lrel describes a process that the system in state |α1〉 ( |α2〉 )
decays to state |β1〉 (|β2〉). It leads to the electronic current
proportional to the relaxation rates Γ1 and Γ2 as defined later.
LrelρˆS =
∑
k=1,2
Γk
2
(|βk〉 〈αk | ρˆS |αk〉 〈βk |
− |αk〉 〈αk | ρˆS − ρˆS |αk〉 〈αk |).
(6)
We describe the dephasing of the system on states |a1〉 and
|a2〉 by
LdepρˆS =
∑
k=1,2
Γdep
2
(|ak〉 〈ak | ρˆS |ak〉 〈ak|
− |ak〉 〈ak| ρˆS − ρˆS |ak〉 〈ak|).
(7)
with Γdep being the dephasing rate.
Finally, the loss channel due to acceptor-to-donor charge
recombination is described by,
LrecρˆS =
∑
k=1,2
χΓk
2
(|b〉 〈αk | ρˆS |αk〉 〈b|
− |αk〉 〈αk | ρˆS − ρˆS |αk〉 〈αk |).
(8)
Here the dimensionless χ stands for the recombination rate.
III. EFFECTS OF CROSS-COUPLINGS
TABLE I: Parameters used in the numerical simulations.
Values
ia b
E
1,611
14,856
ihγ
-1cm
-1cm
-1cm
i i jb a
E Eβ α=
0.01
-1cm 140
-1cm 18
( )  iiii c=
   ( ) 1( )ijij i j c γ ≠ =
-1cm 200( )ic cΓ = Γ
( )iΓ = Γ
-1cm 1,000
hn 60,000
cn
cN
4.4×10⁻⁴
4.4×10⁻⁴
depΓ
-1cm 41
χ 0.2
γ
γγ 2
Parameters Units
5In the present system, the current generated can be thought
to flow across a load connecting the acceptor levels |α〉 and |β〉.
Introducing an effective voltage V as a drop of the electrostatic
potential across the load, we obtain eV = Eα−Eβ+kBT ln( ρˆααρˆββ )
for the model in Fig. 2 (a), where e is the electric charge and
Ei is the energy of state |i〉.
In our model shown in Fig. 2 (b), choosing Ei1 = Ei2
(i = a, α, β) and setting all parameters the same for the two
pathways, we have eV = Eα1 − Eβ1 + kBT ln(
ρα1α1
ρβ1β1
), and
eV = Eα2−Eβ2+kBT ln(
ρα2α2
ρβ2β2
), which define the voltage V . The
current, accordingly, is defined by j = eΓ1ρα1α1 + eΓ2ρα2α2 . It
is similar to the parallel circuit in classical electromagnetism.
Based on the current and the voltage, we easily obtain the
power output P = j ·V . We apply this to the steady-state of the
system to characterize the performance of our BQHE and the
photovoltaic properties of the complex, i.e., the steady-state
current-voltage ( j − V) and power-voltage (P − V) character-
istics. Using the steady-state solution of Eq. (1), we plot the
j − V curve and power with different Γ, while keep the other
parameters fixed. Note that Γ→ 0 ( j → 0) corresponds to the
open-circuit case, and in the short-circuit case, V → 0.
The parameters used in our simulation are listed in Table
I. These parameters are chosen from recent literature, e.g.,
[23, 35–37] and they are used in the simulation in [23, 28, 34].
The energy differences are defined as Eaib = Eai − Eb, Eβib =
Eβi − Eb and Eaiα j = Eai − Eα j , where i, j = 1, 2. Parameters
in the brackets of Table I are used in the one-pathway model
in Fig. 2 (a). In the following, we will discuss the effect of
cross-couplings separately.
A. Cross-coupling Γ12c induced by LTR2
Interestingly, the j − V and P − V behaviors demonstrate
that as cross-coupling strength Γ12c increases, the current and
power decrease, see Fig. 3 (e) and (f). This is different from
the results in previous works [23, 34]. Note that, the param-
eters chosen for the two pathways are the same (see, Table
I), thus the population on |a1〉 and |a2〉 is the same, so is the
population on |α1〉 and |α2〉, |β1〉 and |β2〉. From Fig. 3 (d), we
see that, the maximal Γ12c (ηc2 = 1) benefits the population
on |β1〉 and |β2〉 and leads this population dominant over the
others. Therefore we cannot plot j − V characteristics in this
case as ρα1α1 = ρα2α2 = 0. It was shown in Ref. [23, 34] that
the power is increased and the current-voltage characteristic
of the heat engine gets better with Fano interference. Here
Fano interference characterized by Γ12c, however, shows an
opposite effect. We will explain this observation in subsection
D. So, in the following numerical simulations, we will take
Γ12c = 0.
B. Cross-couplings induced by LTR1
Fig. 4 shows that, current and power are enhanced as γ11,21
and γ12,22 increase, which coincides with the results predicted
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FIG. 3: (Color online) Fig. 3 (a)-(d) show the time evolution of the
population on each level of two-pathway model corresponding to
Fig. 2 (b) at room temperature T = 300K: ρbb in red-dashed, ρa1a1
(ρa2a2 ) in orange-dot-dashed, ρα1α1 (ρα2α2) in green-solid, and ρβ1β1
(ρβ2β2 ) in black-dotted line. The cross-coupling Γ12c = ηc2
√
Γ1cΓ2c
takes ηc2 = 0, 0.3, 0.6, 1 for (a), (b), (c) and (d), respectively. The
other cross-couplings γ12h = ηh
√
γ1hγ2h, γklmn = η
1
c1
√
γklγmn (kl ,
mn) and γklmn = η2c1
√
γklγmn (kl , mn) take the maximal values, i.e.,
ηh = η
1
c1
= η2c1 = 1. (e) and (f) are plotted for the current and power
generated as a function of effective voltage V at room temperature:
ηc2 = 0 in solid, ηc2 = 0.3 in dotted, ηc2 = 0.6 in dot-dashed and
ηc2 = 0.9 in dashed line.
by Dorfman et al. This gives rise to a question that why does
Γ12c exhibit effects different from that by γ11,21 and γ12,22?
Fig. 5 shows that, population in each state seems no dif-
ference for any values of the second type of cross-couplings
γklmn = η
2
c1
√
γklγmn (kl , mn). Thus different from couplings
with γ1121 (γ1222) and γ12c, the second type of cross-couplings
has marginal effects on the current and power. This is anal-
ogous to quantum beats, which can occur in a V type atom,
but can not in a Λ type atom based on the theory of quantum
electrodynamics (QED)[38], as shown in Fig. 6. V-type atom
in excited states decays via the emission of a photon with fre-
quency ν1 or ν2. Since both emissions lead to the same final
state, we cannot determine along which path, ν1 or ν2, the
atom decays. This uncertainty leads to an interference be-
tween ν1 and ν2, exhibiting quantum beats. A Λ-type atom
also decays via the emission of a photon with frequency ν1
or ν2. However, an observation of atom at a long time af-
ter the emission can tell us which channel (1 or 2) was taken
(atom in |b1〉 or |b2〉). Consequently, we expect no beats in
this case. For the model of Fig. 2 (b), transitions described
by the second type of cross-couplings lead to different lower
states, which do not induce interference. Thus the second type
of cross-couplings has no effect on the j−V and P−V behav-
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FIG. 4: (Color online) Fig. 4 (a) - (d) show the time evolution of the
population on each level in the two-pathway model shown in Fig. 2
(b) at room temperature T = 300K. ρbb was plotted in red-dashed,
ρa1a1 (ρa2a2 ) in orange-dot-dashed, ρα1α1 (ρα2α2 ) in green-solid, and
ρβ1β1 (ρβ2β2 ) in black-dotted line. η1c1 in the cross-couplings γklmn =
η1c1
√
γklγmn (kl , mn) takes η1c1 = 0, 0.3, 0.6, 1 for (a), (b), (c) and(d), respectively. The other cross-couplings γ12h = ηh √γ1hγ2h and
γklmn = η
2
c1
√
γklγmn (kl , mn) take the maximal values, i.e., ηh =
η2c1 = 1. As mentioned in the last subsection, Γ12c = 0. (e) and(f) are plotted for the current and power generated as a function of
effective voltage V at room temperature. Dashed line is for η1c1 = 0,
dot-dashed for η1c1 = 0.3, dotted line for η
1
c1 = 0.6, and η
1
c1 = 1 is
ploted in thin-solid line.
iors.
With this consideration, in the following numerical simula-
tions, we take γklmn = η2c1
√
γklγmn = 0.
C. Cross-couplings induced by HTR
As expected, γ12h benefits the transition as seen from Fig. 7.
Inspired by the physics behind the quantum beat, we claim
that interference can play an important role in the current and
power only when the upper two levels |a1〉 and |a2〉 are coher-
ently excited at the initial time. When the coherence between
|a1〉 and |a2〉 is absent, i.e., seting γ12h = 0, γ12c itself may sup-
press the exciton transfer. Equivalently, setting γ12c = 0, γ12h
itself may inhibit the current and power. In terms of steady-
state solution to Eq. 1, we further confirm this observation,
and it shows how these two types of interference work to-
gether to affect the transitions.
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FIG. 5: (Color online) Fig. 5 (a)-(d) show the time evolution of the
population on each level of the system depicted in Fig. 2 (b) at room
temperature T = 300K: ρbb in red-dashed, ρa1a1 (ρa2a2 ) in orange-
dot-dashed, ρα1α1 (ρα2α2) in green-solid, and ρβ1β1 (ρβ2β2 ) in black-
dotted line. The cross-couplings γklmn = η2c1
√
γklγmn (kl , mn) take
η2c1 = 0, 0.3, 0.6, 1 for (a), (b), (c) and (d), respectively. The other
cross-couplings γ12h = ηh
√
γ1hγ2h and γklmn = η1c1
√
γklγmn (kl , mn)
take the maximal values, i.e., ηh = η1c1 = 1. Γ12c = 0. (e) and (f) are
plotted for the current and power as a function of effective voltage
V at room temperature T = 300K. Actually, we plot four curves in
(e) and (f) with η2c1 = 0, 0.3, 0.6, 1, respectively, although all them
overlap. Since (a)-(d) do not show any difference for different η2c1 ,
the j − V and P − V behaviors are exactly the same for different η2c1 .
D. Combined effects of HTR and LTR1
For simplicity, we plot the steady-state j − V character-
istic and power for one-pathway model in Fig. 8. We set
γ12c = η
′
c1
√
γ1cγ2c and γ12h = ηh
√
γ1hγ2h, thus η′c1 = 1(ηh = 1) corresponds to the maximal coherence and η′c1 = 0(ηh = 0) the minimal coherence. We observe that, when γ12h is
very small, the current and power decrease with the increasing
of γ12c. Similarly, when γ12c is very small, large γ12h inhibits
the transitions. Recall the quantum beats, if one of γ12h and
γ12c is very small, |a1〉 and |a2〉 are almost independently ex-
cited. For this reason, when one cross-coupling term becomes
very large, the current and power will be suppressed. When
both γ12h and γ12c increase to a certain value, strong cross-
couplings can enhance the current and power. This conclusion
holds for γ1121 and γ1222 in the two-pathway model. For the
terms with Γ12c discussed in subsection A, |β1〉 and |β2〉 obvi-
ously, are not in a coherent state. As a result, the transition
process is suppressed as Γ12c increases.
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FIG. 6: (Color online) Three-level atomic structures for (a) V-type
and (b) Λ-type quantum beat.
IV. EFFECT OF MULTIPLE PATHWAYS
Electron transfer in the PSII RC has been thoroughly stud-
ied and several charge-separation pathways were identified. In
this section, we investigate the role of multiple pathways on
the behavior of j − V and P − V . The simulation results are
presented in Fig. 9. From Fig. 9 we find that as the number of
pathways increases, the BQHE produces stronger current and
power. Especially, the model of two pathways, corresponding
to Fig. 2 (b), shows a current enhancement of 76.8%, com-
paring with the case of only one pathway shown in Fig. 2 (a).
Nevertheless, with the number of pathways increase further,
the enhancement rate decreases. The current of three-pathway
model shows 25.9% more than that of two-pathway model,
and the current of four-pathway model just 16.7% more than
that of three-pathway one. The observations can be under-
stood as follows: the current and power of the BQHE sharply
depends on the rate of transition from the ground state |b〉 to
state |a1〉 or |a2〉, i.e., the decay rate in HTR. More pathways
mathematically equal to increasing the strength of the decay
rate in LTR1 and LTR2. When γ1h, γ2h and γ12h take a fixed
value, the energy flux density is fixed. The strength of the de-
cay rate in LTR1 and LTR2, or rather the number of pathways
should match the transport rate in HTR, otherwise, excessive
pathways can not significantly improve the transition process.
We further propose that in order to accelerate the transfer pro-
cess, multiple pathways in the BQHE (or similar structure in
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FIG. 7: (Color online) Fig. 7 (a)-(d) show the time evolution of
the population on each level of the system in Fig. 2 (b) at room
temperature T = 300K. ρbb is shown in red-dashed, ρa1a1 (ρa2a2 )
in orange-dot-dashed, ρα1α1 (ρα2α2 ) in green-solid, and ρβ1β1 (ρβ2β2 )
in black-dotted line. The cross-couplings γ12h = ηh
√
γ1hγ2h take
ηh = 0, 0.3, 0.6, 1 for (a), (b), (c) and (d), respectively. The other
cross-couplings γklmn = η1c1
√
γklγmn (kl , mn) takes the maximal
value, i.e., η1c1 = 1. γklmn = η
2
c1
√
γklγmn = 0 (kl , mn) and Γ12c = 0.
(e) and (f) are plotted for the current and power as a function of ef-
fective voltage V at room temperature. ηh = 0 is plotted in dashed,
ηh = 0.3 in dot-dashed, ηh = 0.6 in dotted and ηh = 1 in thin-solid
line.
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FIG. 8: (Color online) Counter plot of the current as a function
of cross-couplings γ12c and γ12h. As γ12c = η′c1
√
γ1cγ2c (γ12h =
ηh
√
γ1hγ2h), η′c1 = 1 (ηh = 1) corresponds to the maximal coherence
and η′c1 = 0 (ηh = 0) the minimal coherence.
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FIG. 9: (Color online) The current and power as a function of effec-
tive voltage V at room temperature for different numbers of pathway.
The results for one pathway are shown in dashed, two pathways in
dot-dashed, three in dotted, four in thin-solid line. Cross-couplings
corresponding to LTR2 and the second type of cross-couplings cor-
responding to LTR1 are set to 0. All the other cross-couplings take
their maximal values.
the natural photosynthetic reaction center) are a better choice
comparing with simply increasing the strength of the decay
rates and cross-couplings related to LTR1 and LTR2 within
one-pathway model. As shown in Appendix, the decay rates
or cross-couplings are given by γklmn = 2p
2Vphngklpgmnp
pic
, from
which we know that these rates are determined by the ambi-
ent phonon reservoir and the diploe moment of
∣∣∣a1,2〉 ↔ |b〉
for LTR1 (
∣∣∣β1,2〉 ↔ |b〉 for LTR2). The natural condition
of reservoir is hot and wet, and generally unstable. And the
structure of RC complexes is born fixed, resulting in constant
diploe moment between different states of pigment molecules.
Therefore, these factors cannot be utilized to enhance the re-
action efficiency. Nevertheless, more charge-separation path-
ways means increasing reaction channels. This seems easy
to achieve. In the next section, considering acceptor-to-donor
charge recombination and noise-induced dephasing, we will
show that multiple pathways is still a better choice in contrast
with increasing the strength of the decay rate in LTR1 and
LTR2.
V. EFFECTS OF RECOMBINATION AND DEPHASING
In this section, we examine how charge recombination at
the acceptor/donor interface and dephasing of |a1〉 and |a2〉
affects the current and power. In Fig. 10 (a), we plot the
relative change of current as a function of the recombina-
tion rate χ. The relative change of current is defined by
( j(χ = 0) − j(χ))/ j(χ = 0). We calculate this relative change
for both cases of maximal coherence and minimal coherence
with one and two pathways, respectively. To determine which
one, multiple pathways or large decay rates in LTR1 and
LTR2, is a better choice, we double these decay rates and
the relaxation rate in one-pathway model with the other pa-
rameters fixed. Fig. 10 (b) shows the relative current change
for both cases of maximal coherence and minimal coherence
with one and three pathways, respectively. Similarly, we triple
these decay rates and the relaxation rate in one-pathway model
with the other parameters fixed. Fig. 10 (a) and Fig. 10 (b)
show that as the recombination rate increases, the current
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FIG. 10: (Color online) (a) is plotted for the current ratio defined by
( j(χ = 0) − j(χ))/ j(χ = 0) as a function of the recombination rate for
one- and two-pathway models. The blue-solid and red-dashed lines
are for the maximal coherence, i.e., all the cross-couplings take the
maximal values, except that cross-couplings induced by LTR2 and
the second type of cross-couplings induced by LTR1 are set to 0. The
blue-dot-dashed and red-dotted lines are for the minimal coherence,
i.e., all the cross-couplings take the minimal values 0. The blue lines
stand for one-pathway model with the strength of the decay rates in
LTR1 and LTR2 and the relaxation rate doubled and the other param-
eters fixed. The red lines stand for two-pathway one. (b) is the case
of one- and three-pathway models. The blue-solid and red-dashed
lines are for the maximal coherence while the blue-dot-dashed and
red-dotted lines are for the minimal coherence. The blue lines stand
for one-pathway model with the strength of the decay rates in LTR1
and LTR2 and the relaxation rate tripled and the other parameters
fixed. The red lines stand for three-pathway one.
decreases monotonically as expected. Nevertheless, the set-
up with maximal coherence can better reduce the impact of
acceptor-to-donor charge recombination. Therefore, noise-
induced coherence between |a1〉 and |a2〉 due to Fano interfer-
ence can diminish the influence of recombination. Besides,
we observe that the larger number of the pathways is, the
more robust the system against the recombination. There-
fore, in the presence of the additional loss mechanism due to
acceptor-to-donor charge recombination, the maximal coher-
ence scheme/multi-pathway set-up is more efficient than the
minimal coherence scheme/one-pathway one.
Next we explore whether, in the presence of dephasing, the
9multi-pathway set-up can still benefit the current and power.
We calculate the relative change of current as a function of the
dephasing rate Γdep and present the results in Fig. 11. The rel-
ative change of current has also been calculated for different
numbers of pathways. Similarly, to compare the two choices
of multiple pathways and increasing the strength of the de-
cay rate in LTR1 and LTR2, we modify these decay rates and
the relaxation rate in one-pathway model with the other pa-
rameters fixed, just as in the case of the relaxation rate dis-
cussed above. Observing the results, we find that the current
decreases monotonically as the dephasing rate increases. Be-
sides, the more pathways, the more robust against the dephas-
ing. Therefore, the multiple-pathway model is more efficient
than the one-pathway one even in the presence of depasing
process mechanism.
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FIG. 11: (Color online) (a) is the relative current change (defined by
( j(Γdep = 0) − j(Γdep))/ j(Γdep = 0)) as a function of dephasing rate.
The blue-dashed line is for one-pathway model with the strength of
the decay rates in LTR1 and LTR2 and the relaxation rate doubled
and the other parameters fixed. The red-solid line is for two-pathway
one. (b) is the case of one- and three-pathway model. The blue-
dashed line is for one-pathway model with the strength of the decay
rates in LTR1 and LTR2 and the relaxation rate tripled and the other
parameters fixed. The red-solid line is for three-pathway one. The
dimensionless parameter χ = 0.2 as in Table I.
VI. CONCLUSION
In conclusion, we have studied the dynamics of two-
pathway biological quantum heat engine and calculated the
steady-state current-voltage ( j−V) and power-voltage (P−V)
characteristics. We explored the effect of various cross-
couplings, and found that only the cross-couplings describ-
ing transitions between high levels and the same lower energy
level have effects on the j − V and P − V behaviors. We ex-
plained the physics behind this observation using the concept
of quantum beat. Furthermore we find that the current and
power can be increased due to Fano interference when the up-
per two levels are in a coherent supposition. Finally, we calcu-
late the j − V and P − V characteristics subjected to acceptor-
to-donor charge recombination and dephasing, and show that
noise-induced quantum coherence helps in the suppression of
the influence of the acceptor-to-donor charge recombination.
These results suggest that multi-pathway BQHE can benefit
the charge separation and the light-harvesting yields, and it
is a better choice in contrast with increasing the strength of
decay rates and cross-couplings.
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Appendix A: The derivation of Eq. (1)
In this part, we will present a derivation for the master equa-
tion used in the maintext. We consider a total Hamiltonian
ˆH = ˆHS + ˆHR + ˆHS R, (A1)
where the system Hamiltonian
ˆHS = ~ωb |b〉 〈b| + ~ωa1 |a1〉 〈a1| + ~ωa2 |a2〉 〈a2| , (A2)
with ~ωai ,b = Eai ,b (i = 1, 2) being the energy of states |ai〉,
|b〉.
ˆHR represents the Hamiltonian of the high temperature pho-
ton reservoir (HTR)
ˆHR =
∑
p
~νp ˆb†p ˆbp. (A3)
Here ˆb†p and ˆbp denote the creation and destruction operators.
The interaction Hamiltonian in the rotating-wave approxima-
tion (RWA) is
ˆHS R = ~
∑
p
g1pσˆh1 ˆb†p + ~
∑
q
g2qσˆh2 ˆb†q + H.c., (A4)
with σˆh1 = |b〉 〈a1| and σˆh2 = |b〉 〈a2| being the lower op-
erators. The coupling constant g1p = −℘a1b·ǫˆpEp~ and g2q =
−℘a2b·ǫˆqEp
~
, where ℘a1b (℘a2b) is the dipole moment of |a1〉 ↔
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|b〉 (|a2〉 ↔ |b〉 ). ǫˆp (ǫˆq) is the polarization of the field. The
electric field per photon is Ep,q = (~νp,q2ǫ0V )
1
2
.
It is convenient to work in the interaction picture. The
Hamiltonian, in the interaction picture, is given by
ˆV(t) =~
∑
k
g1p ˆb†pσˆh1e−i(ωa1b−νp)t
+ ~
∑
q
g2q ˆb†qσˆh2e−i(ωa2b−νq)t + H.c..
(A5)
The equation of motion for the system density operator ρˆS is
dρˆS (t)
dt = −
i
~
TrR[ ˆV(t), ρˆS (0) ⊗ ρˆR(0)]
− 1
~2
TrR
∫ t
0
[ ˆV(t), [ ˆV(t′), ρˆS (t′) ⊗ ρˆR(0)]]dt′.
(A6)
Substituting ˆV(t) into Eq. (A6), we have,
dρˆS (t)
dt = −
∫ t
0
dt′

∑
p,p′
g1pg1p′ ei(ωa1b−νp)t−i(ωa1 b−νp′ )t
′
TrR
[
σˆ+h1
ˆbp,
[
ˆb†p′ σˆh1, ρˆS (t′) ⊗ ρˆR(0)
]]
+
∑
p,q′
g1pg2q′ei(ωa1b−νp)t−i(ωa2 b−νq′ )t
′
TrR
[
σˆ+h1
ˆbp,
[
ˆb†q′σˆh2, ρˆS (t′) ⊗ ρˆR(0)
]]
+
∑
q,p′
g2qg1p′ei(ωa2b−νq)t−i(ωa1 b−νp′ )t
′
TrR
[
σˆ+h2
ˆbq,
[
ˆb†p′σˆh1, ρˆS (t′) ⊗ ρˆR(0)
]]
+
∑
q,q′
g2qg2q′ei(ωa2b−νq)t−i(ωa2 b−νq′ )t
′
TrR
[
σˆ+h2
ˆbq,
[
ˆb†q′ σˆh2, ρˆS (t′) ⊗ ρˆR(0)
]]
+
∑
p,p′
g1pg1p′e−i(ωa1 b−νp)t+i(ωa1 b−νp′ )t
′
TrR
[
ˆb†pσˆh1,
[
σˆ+h1
ˆbp′ , ρˆS (t′) ⊗ ρˆR(0)
]]
+
∑
p,q′
g1pg2q′e−i(ωa1b−νp)t+i(ωa2 b−νq′ )t
′
TrR
[
ˆb†pσˆh1,
[
σˆ+h2
ˆbq′ , ρˆS (t′) ⊗ ρˆR(0)
]]
+
∑
q,p′
g2qg1p′e−i(ωa2b−νq)t+i(ωa1 b−νp′ )t
′
TrR
[
ˆb†qσˆh2,
[
σˆ+h1
ˆbp′ , ρˆS (t′) ⊗ ρˆR(0)
]]
+
∑
q,q′
g2qg2q′e−i(ωa2b−νq)t+i(ωa2 b−νq′ )t
′
TrR
[
ˆb†qσˆh2,
[
σˆ+h2
ˆbq′ , ρˆS (t′) ⊗ ρˆR(0)
]] .
(A7)
The sum over p may be replaced by an integral through
∑
p
→ Vpht
pi2
∫ ∞
0
dpp2. (A8)
where Vpht is the volume. Neglecting all memory effects and
assuming that the density matrix is a slowly varying function
of time, i.e., ρˆ(t′) ≈ ρˆ(t), we obtain the integration over time
as
∫ ∞
0
dt′ei(ω−νk)(t−t′) = piδ(ω − νk). (A9)
Substitute (A8) and (A9) into (A7) and note that
〈
ˆbp
〉
=〈
ˆb†p
〉
= 0,
〈
ˆbp ˆbp′
〉
=
〈
ˆb†p ˆb†p′
〉
= 0,
〈
ˆb†p ˆbp′
〉
= n¯pδpp′ , and〈
ˆbp ˆb†p′
〉
= (n¯p + 1)δpp′ . The master equation reduces to
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dρˆS (t)
dt =
Vpht
pic
{
p2g21p
[(
n¯p + 1
) (
2σˆh1ρˆS (t)σˆ†h1 − σˆ†h1σˆh1ρˆS (t) − ρˆS (t)σˆ†h1σˆh1
)]
+ p2g21p
[
n¯p
(
2σˆ†h1ρˆS (t)σˆh1 − σˆh1σˆ†h1ρˆS (t) − ρˆS (t)σˆh1σˆ†h1
)]
+ p2g22p
[(
n¯p + 1
) (
2σˆh2ρˆS (t)σˆ†h2 − σˆ†h2σˆh2ρˆS (t) − ρˆS (t)σˆ†h2σˆh2
)]
+ p2g22p
[
n¯p
(
2σˆ†h2ρˆS (t)σˆh2 − σˆh2σˆ†h2ρˆS (t) − ρˆS (t)σˆh2σˆ†h2
)]
+ p2g1pg2p
[(
n¯p + 1
) (
σˆh1ρˆS (t)σˆ†h2 + σˆh2ρˆS (t)σˆ†h1
)]
+ p2g1pg2p
[
n¯p
(
σˆ
†
h1ρˆS (t)σˆh2 + σˆ†h2ρˆS (t)σˆh1
)]
+ p2g1pg2p
[(
n¯p + 1
) (
σˆh2ρˆS (t)σˆ†h1 + σˆh1ρˆS (t)σˆ†h2
)]
+ p2g1pg2p
[
n¯p
(
σˆ
†
h2ρˆS (t)σˆh1 + σˆ†h1ρˆS (t)σˆh2
)]}
.
(A10)
The indicator p here is redefined as p = ωa1,2b
c
. Introducing notations
γklh =
2p2Vphtgkpglp
pic
, (A11)
where k, l = 1, 2, gk,lp is the coupling constant corresponding to transition with frequency ωa1,2b, and the average occupation
numbers of photons nh = n¯p, we rewrite Eq. (A10) in a simple form as
dρˆS (t)
dt =
∑
k,l=1,2
γklh
2 [(nh + 1)(σhlρˆSσ
†
hk + σhkρˆSσ
†
hl − σ†hlσhkρˆS − ρˆSσ†hkσhl)
+ nh(σ†hkρˆSσhl + σ†hlρˆSσhk − σhkσ†hlρˆS − ρˆSσhlσ†hk)].
(A12)
The cross-couplings γklh for k , l corresponds to the strength
of the Fano interference, and γkkh = γkh denotes the sponta-
neous decay rate. With this consideration, we finally obtain
Eq. (3).
By the same procedure outlined for the transition |b〉 ↔∣∣∣a1,2〉 induced by the high temperature photon reservoir
(HTR), we easily obtain the Lindblad term describing the tran-
sition process |b〉 ↔
∣∣∣β1,2〉 induced by the second low tem-
perature reservoir (LTR2) in Eq. (4), where σˆck = |b〉 〈βk |
(k = 1, 2) is the lower operator. nc2 is the average phonon
numbers of LTR2. The spontaneous decay rates and the cross-
couplings are connected by,
Γklc =
2p2Vphngkpglp
pic
. (A13)
where the indicator p is defined as p = ωβ1,2 b
c
, gk,lp is the cou-
pling constant for transition with frequency ωβ1,2b Vphn is the
phonon volume.
For the transition
∣∣∣a1,2〉 ↔ ∣∣∣α1,2〉 induced by the first low
temperature phonon reservoir (LTR1), derivation is tedious
but similar to the presented one. The complicity comes from
the extra charge-separated states. The Hamiltonian describ-
ing the coupling of the system to the LTR1 in the interaction
picture reads,
ˆV(t) =~
∑
p
g11pσˆ†11 ˆbpe
i(ωa1α1−νp)t + ~
∑
q
g12qσˆ†12 ˆbqe
i(ωa1α2−νq)t
+ ~
∑
r
g21rσˆ†21 ˆbre
i(ωa2α1−νr)t + ~
∑
s
g22sσˆ†22 ˆbse
i(ωa2α2−νs)t+H.c..
(A14)
Following the same procedure summarized above, we obtain
Eq. (5), where σˆkl = |αk〉 〈al| (k, l = 1, 2) or σˆmn = |αm〉 〈an|
(m, n = 1, 2) is the corresponding lower operator. nc1 is the
average phonon numbers of LTR1. The spontaneous decay
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rates are
γklmn =
2p2Vphngklpgmnp
pic
. (A15)
with Vphn the phonon volume. The indicator p is defined
as p = ωaiαi
c
(i = 1, 2). gkl,mnp is the coupling constant.
γklmn(kl = mn) are the decay rates from the upper levels |a1〉
and |a2〉 to the lower levels |α1〉 and |α2〉, respectively. The
cross-couplings γklmn (kl , mn) would lead to interferences.
As the involved levels (coupled to LTR1) here are more than
those to HTR or LTR2, there are additional cross-couplings
that do not exist in the case of HTR or LTR2. We obtain two
types of cross-couplings in the case of LTR1. One is the same
with that of HTR or LTR2, including γ11,21 and γ12,22. The
other type includes γ11,12, γ11,22, γ12,21, γ21,22. The first type
describes transitions to the same lower state, i.e., |α1〉 for γ11,21
and |α2〉 for γ12,22. But the second type is different.
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